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The function of small ubiquitin-like modifier (SUMO)-

binding proteins is key to understanding how

SUMOylation regulates cellular processes. We identified

two related Schizosaccharomyces pombe proteins, Rfp1 and

Rfp2, each having an N-terminal SUMO-interacting motif

(SIM) and a C-terminal RING-finger domain. Genetic ana-

lysis shows that Rfp1 and Rfp2 have redundant functions;

together, they are essential for cell growth and genome

stability. Mammalian RNF4, an active ubiquitin E3 ligase,

is an orthologue of Rfp1/Rfp2. Rfp1 and Rfp2 lack E3

activity but recruit Slx8, an active RING-finger ubiquitin

ligase, through a RING–RING interaction, to form a func-

tional E3. RNF4 complements the growth and genomic

stability defects of rfp1rfp2, slx8, and rfp1rfp2slx8 mutant

cells. Both the Rfp-Slx8 complex and RNF4 specifically

ubiquitylate artificial SUMO-containing substrates in vitro

in a SUMO binding-dependent manner. SUMOylated pro-

teins accumulate in rfp1rfp2 double-null cells, suggesting

that Rfp/Slx8 proteins may promote ubiquitin-dependent

degradation of SUMOylated targets. Hence, we describe

a family of SIM-containing RING-finger proteins that

potentially regulates eukaryotic genome stability through

linking SUMO-interaction with ubiquitin conjugation.
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Introduction

Post-translational modification adds layers of complexity to

the control of protein function. Ubiquitin and ubiquitin-like

proteins, such as the small ubiquitin-like modifier (SUMO),

are covalently linked through their C-terminal carboxyl group

to an e-amine group of a lysine in the modified protein.

Higher eukaryotes express three and possibly four SUMO

family members, SUMO1–4, encoded by different genes.

Newly synthesized SUMO protein is matured through proteo-

lytic cleavage of a C-terminal peptide to expose the two

consecutive glycine residues essential for conjugation.

SUMOylation occurs via a biochemical pathway analogous

to ubiquitylation: mature SUMO is charged with a high-

energy thioester bond by the SUMO-activating enzyme (E1),

a heterodimeric protein complex, and transferred to the

SUMO-conjugating enzyme (E2), which catalyzes the forma-

tion of the isopeptide bond between SUMO and the target

protein. SUMO ligases (E3s) provide a platform facilitating

the conjugation of SUMO from E2 to the target (Gill, 2004;

Johnson, 2004).

SUMO is essential for growth, division, and the mainte-

nance of genome stability in eukaryotic cells. Many

SUMOylated proteins are found either in the nucleus or

at the nuclear periphery, implying an important role for

SUMOylation in biological processes in the nucleus

(Johnson, 2004). Mutations in the enzymes of the SUMO

conjugation pathway result in sensitivity to genotoxic

challenges. In the fission yeast Schizosaccharomyces pombe,

mutations in rad31, encoding a SUMO E1 subunit, and hus5,

encoding the SUMO E2 (Ubc9 orthologue), render the cells

sensitive to DNA damage (al-Khodairy et al, 1995; Shayeghi

et al, 1997). Deletion of pmt3, the only SUMO gene in

S. pombe, results in slow growth, sensitivity to disruption

of mitosis, and increased telomere length (Tanaka et al,

1999). Pli1, the S. pombe orthologue of PIAS family SUMO

E3s, is essential for the stability of centromeres and telomeres

(Xhemalce et al, 2004). Nse2/Mms21, a component of the

Smc5/6 complex, is also a functional SUMO E3 (McDonald

et al, 2003; Andrews et al, 2005; Zhao and Blobel, 2005). In

budding yeast, Ubc9 and Mms21 are needed to prevent

detrimental homologous recombination events caused by

stalled replication forks, and function in concert with the

RecQ family DNA helicase Sgs1 to maintain genome stability

(Branzei et al, 2006).

Like many other forms of post-translational modification,

SUMOylation is believed to tag the modified protein for novel

protein–protein interactions. Therefore, SUMO-interacting

domains would be expected to play a crucial role in regulat-

ing SUMOylated proteins, and identifying proteins with

SUMO-interacting motifs (SIMs) is important for an under-

standing of the SUMOylation system (Hannich et al, 2005;

Lin et al, 2006; Shen et al, 2006). In contrast to the multiple

characterized ubiquitin-binding domains, so far only one SIM

(or SUMO-binding motif (SBM)) is known (Minty et al, 2000;

Song et al, 2004; Reverter and Lima, 2005). The core of the

SIM is composed of three hydrophobic (I, L or V) residues,

arranged as V/I-V/I-X-V/I/L or V/I-X-V/I-V/I. These residues

form a b-strand and are incorporated into a b-sheet together

with SUMO’s second b-strand when SIM and SUMO interact;
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the incorporation of the SIM b-strand can be bidirectional,

forming either parallel or antiparallel interactions (Song et al,

2005). The SIM-binding surface on SUMO lies between its

second b-strand and its a-helix. A number of hydrophobic

residues in SUMO1, including F36 and V38, form a conserved

hydrophobic patch to accommodate the hydrophobic

side chains of the SIM (Song et al, 2004, 2005; Reverter

and Lima, 2005; Hecker et al, 2006). Additional residues

surrounding the core SIM residues contribute to its associa-

tion with SUMO, especially through electrostatic interactions

involving acidic SIM residues. The residues lying outside the

core may also contribute to the specificity in recognizing

different SUMO isoforms (Hecker et al, 2006).

Here, we report the identification of a family of proteins

that contain both a SIM and a RING-finger domain. Many

RING-finger proteins act as ubiquitin E3 ligases. Ubiquitin

E3s can be classified into three subsets: the SCF (Skp1-Cullin-

F box) family E3s form multisubunit platforms to promote

E2-catalyzed ubiquitylation of target proteins; the HECT

(homology to the E6-AP carboxyl terminus) domain family

E3s contain their own catalytically active Cys to extend the

ubiquitin transfer cascade from E1 and E2 to the substrate. In

contrast, RING-finger family E3s possess a substrate-binding

site and form a RING-domain-mediated physical interaction

with E2, thus facilitating the E2-catalyzed ubiquitin conjuga-

tion to the substrate (Joazeiro and Weissman, 2000). Our

study indicates that this novel family of SIM/RING-finger

proteins can directly couple ubiquitin E3 ligase activity to

SUMOylated proteins through their SIM.

Results

Fission yeast proteins Rfp1 and Rfp2 are RING-finger

proteins containing a SUMO-interacting motif

Initially, in a two-hybrid screen with Ark1, the fission yeast

Aurora kinase that we had characterized previously (Leverson

et al, 2000), we identified a small RING-finger protein.

Subsequently, we found a second, closely related RING-finger

protein encoded by the S. pombe genome (28% identity,

Supplementary Figure S1). We named these two proteins

Rfp1 and Rfp2, for RING-finger protein 1 and 2, correspond-

ing to the annotated S. pombe proteins SPAC19A8.10 and

SPAC343.18, respectively. These two proteins share sequence

similarity in two regions: the C-terminal C3HC4-type RING

domain and an N-terminal region corresponding to Rfp1

residues 14–37 (Supplementary Figure S1). In a second

yeast two-hybrid screen against Rfp1, we identified 17 po-

tential Rfp1-interacting clones (Supplementary Figure S2);

the top hit (six clones isolated) was Pmt3, the fission yeast

version of SUMO. Among the additional Rfp1-interacting

clones identified (Supplementary Figure S2), Rad60 (three

hits) contains two tandem SUMO-like motifs (Novatchkova

et al, 2005), and Pli1 (1 hit) is a PIAS-family SUMO E3 ligase

(Xhemalce et al, 2004), further supporting a link between

Rfp1 and the SUMOylation pathway.

In further yeast two-hybrid interaction analysis, the Pmt3-

binding site of Rfp1 was mapped to residues between 10 and

40, congruent with the region near the N-terminus conserved

between Rfp1 and Rfp2 (Figure 1A). This region contains

two sequences resembling the SIM in PIAS family proteins

(Figure 1D), both of which are essential to mediate its inter-

action with Pmt3 (Figure 1A and D); truncated versions of

Rfp1, containing only one or other SIM-like sequence from

this region (D28, Figure 1A, left panel; 1–28 and 10–28,

Figure 1A, right panel), failed to interact with Pmt3.

Recombinant GST–Rfp1 protein but not GST alone was able

to pull down an epitope-tagged Pmt3 from a lysate of S.

pombe cells expressing HA-Pmt3, further confirming the

physical recognition of Pmt3 by Rfp1 (Figure 1B, compare

lane 6 with lane 11). Consistent with the predominantly

nuclear function of SUMO, when green fluorescent protein

(GFP)-tagged Rfp1 and Rfp2 were expressed from a mid-

strength nmt1 promoter (nmt41), the fluorescent signals

were concentrated in the nucleus and formed discrete nuclear

foci (Figure 1C). We conclude that Rfp1 and Rfp2 are nuclear

proteins possessing an N-terminal SIM and a C-terminal

RING domain.

In a BLAST search for Rfp1 or Rfp2 orthologues in other

organisms, the top hit against Rfp2 was a mammalian protein

called RNF4 (RING-finger protein 4, also known as

SNURF, small nuclear RING-finger protein), based largely

on the similarity in their RING domains (Supplementary

Figure S1). Moreover, close inspection of the RNF4 sequence

revealed there is also a high degree of similarity to both Rfp1

and Rfp2 in the N-terminal SIM (Figure 1D). In addition, we

noticed conservation at the C-termini: all three proteins end

with a triplet of hydrophobic residues immediately adjacent

to their RING-finger domains (Supplementary Figure S1).

Related proteins are found in lower eukaryotic species,

indicating that this is a conserved family of proteins

(Figure 1D and Supplementary Figure S3). Notably, Hex3/

Slx5 in Saccharomyces cerevisiae, MIP1 (MEK1-interacting

protein 1) in Dictyostelium discoideum, and the mammalian

RNF4, have all been implicated in SUMOylation pathways,

but the existence of their SIMs has not previously been

reported (Sobko et al, 2002; Hazbun et al, 2003; Hakli et al,

2005; Hannich et al, 2005; Wang et al, 2006).

Rfp1 and Rfp2 together are required for cell growth

and genome stability

To determine the function of Rfp1 and Rfp2, we deleted the

rfp1þ and rfp2þ loci separately by targeted disruption. Loss

of either the rfp1þ or the rfp2þ gene did not cause any

visible phenotype. We then carried out experiments to deter-

mine the phenotype of Drfp1Drfp2 cells. First, we crossed the

haploid Drfp1 and Drfp2 strains and carried out both

random spore analysis and tetrad dissection. We found that

among the viable spores, only 4.6% had both Drfp1 and

Drfp2 disruption makers, in contrast to the percentage of wild

type (33.4%), Drfp1 (34%), and Drfp2 (28%) (Figure 2A).

Poor viability/reduced growth of the Drfp1Drfp2 cells is also

apparent in the tetrad analysis (Figure 2B). Next, using a

double-null Drfp1Drfp2 mutant strain generated from the

viable spores and a single rfp2-null strain, we constructed a

diploid strain carrying a single Drfp1 allele and two Drfp2

alleles. Dissection of the tetrads formed by this strain showed

a 2:2 separation; half of the spores either formed colonies that

are much smaller, or failed to form visible colonies at all

(Figure 2C). Microscopic colonies could be seen in both

tetrad analyses shown in Figure 2B and C, however, indicat-

ing that the spores could germinate but only survive for a

limited number of cell divisions (data not shown). The

surviving cells grew much slower and appeared significantly

elongated compared to the wild-type (Figure 2D, left panel).
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These experiments suggest that the rfp1þ and rfp2þ genes

compensate for each other and that simultaneous deletion

of both rfp1þ and rfp2þ results in a severe growth defect.

When we examined the nuclear morphology of the

Drfp1Drfp2 cells, we noticed fragmented chromosomes, elon-

gated nuclei, and asymmetric positioning of the nuclei

(Figure 2D, right panels). These phenotypes indicate that

the deletion of both rfpþ genes results in loss of genome

integrity, which is manifested in the form of defects in

chromosomal segregation and cell division, compromised

viability of the mutant cells, and a low efficiency in germina-

tion of the mutant spores. These observations are also con-

sistent with the results of our yeast two-hybrid screen

(Supplementary Figure S2), where the Rfp1-interacting

proteins Pmt3, Rad60, Pli1, and Rhp18 proteins have all

been implicated in pathways for genome stability and

DNA-damage repair (Tanaka et al, 1999; Verkade et al,

2001; Xhemalce et al, 2004; Raffa et al, 2006).
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Figure 1 Identification of SIM in RNF4 family proteins. (A) Yeast two-hybrid interaction between Pmt3 and full-length Rfp1 (Rfp1 FL) and
various Rfp1 mutants as indicated. Left panel shows the two-hybrid assay testing interaction between Pmt3 and the full-length (FL), N-terminal
region (NT, 1–188), RING domain (RING, 189–254), or N-terminally truncated form (D28, deletion of 1–28) of Rfp1 (transformed strains were
streaked out in duplicates). Right panel shows further analysis of the interaction between Pmt3 and the N-terminal region of Rfp1. AD, Gal4
activation domain; DBD, Gal4 DNA-binding domain. (B) Physical interaction between Pmt3 and Rfp1. Recombinant GST-Rfp1 or GSTalone was
incubated with the cell lysate of an S. pombe strain expressing HA-tagged Pmt3, followed by affinity purification on glutathione beads. Co-
purified HA-Pmt3 was detected by anti-HA immunoblotting; the doublet of HA-Pmt3 signal (*) was presumably due to partial proteolytic
processing of Pmt3 C-terminus. Fractions throughout the purification steps are as indicated.‘fl. thru’, flow through; molecular weight shown in
kDa. (C) Episomal expression of N-terminally GFP-tagged Rfp1 and Rfp2 from the nmt41 promoter in the pSLF273 plasmid vector in wild-type
cells. Images were taken 24 h after the transformed yeast cells were grown in EMM medium without thiamine. DAPI stained cells were fixed
through air-drying; live cells were spread on a thin layer of EMM medium with 2% agarose. (D) Alignment of the SIM of the RNF4 family
proteins from different organisms: S. pombe Rfp1 and Rfp2, S. cerevisiae Hex3 (Slx5), Dictyostelium discoideum DdMIP1b (NCBI XP_644602),
Drosophila melanogaster CG10981, and mouse mRNF4; the SIMs in Pli1 and PIAS1 are also shown for comparison. Colors indicate completely
conserved (green), strongly conserved (yellow), or weakly conserved residues (cyan).
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RNF4 is a functional orthologue of Rfp1 and Rfp2

To confirm that the growth defect of Drfp1Drfp2 cells was

caused by the loss of rfp1þ and rfp2þ genes, we transformed

the viable mutant cells with plasmids containing either Rfp1

or Rfp2 cDNA under the wild-type nmt promoter (nmt1). We

then compared the growth of these cells in complete (YES)

medium (nmt1 promoter activity is thereby kept at minimum

level). In contrast to Drfp1Drfp2 cells, the growth of rfp1þ or

rfp2-transformed cells was similar to both the wild type

and the cells with a single deletion (Figure 3A, left panel).

A rescue of the growth defect was also obtained with

plasmids containing the genomic fragments of rfp1þ or

rfp2þ expressed under the control of their own promoters

(Supplementary Figure S4). Observing the transformed cells

under the microscope, we noticed a reduction in elongated

cells that were predominant among the culture of Drfp1Drfp2

cells (data not shown). In a parallel comparison, we found

that the Drfp1Drfp2 cells were very sensitive to 10 mM

hydroxyurea (HU), which causes replicative stress.

Ectopically expressed Rfp2 partially suppressed HU sensitiv-

ity as compared to the strains with single deletions, which

grew as well as wild type in the presence of 10 mM HU

(Figure 3A, right panel). We conclude that the ectopic ex-

pression of Rfp2 can significantly suppress the slow growth

phenotype of Drfp1Drfp2 cells, although this does not fully

mimic the activity of the endogenous rfpþ loci, which are

presumably subject to precise expression control.

To determine whether RNF4 is a functional orthologue of

Rfp1 and Rfp2, we examined whether mouse RNF4 could

compensate for the loss of both Rfp1 and Rfp2. We trans-

formed expression plasmids for the wild-type forms of Rfp1,

Rfp2, and RNF4 into a Drfp1Drfp2 strain covered with an

Rfp2 plasmid with a ura4þ gene, and compared growth of the

transformed strains in media containing 5-fluoroorotic acid

(5-FOA) (Figure 3B). The RNF4-transformed cells grew as

well as Rfp1- or Rfp2-transformed Drfp1Drfp2 cells, suggest-

ing that RNF4 can functionally replace Rfp1 or Rfp2 in vivo.

Next, we examined whether the conserved motifs shared

in this protein family were also essential for function in yeast.

We first tested the in vivo activity of Rfp mutants designed to

be defective in either SIM or RING function. Both the deletion

of the SIM and mutation of a critical Cys in the RING finger

resulted in the loss-of-function of the two Rfp proteins, that

is, the mutants failed to rescue growth of Drfp1Drfp2 cells

(Figure 3C). Hence, the SIM and the RING domain are

essential for the molecular function of Rfp1 and Rfp2 in

vivo. We then generated mutant forms of RNF4 with either

a SIM deletion (RNF4DSIM) or a point mutation in its RING

domain (RNF4C177S); both mutants failed to support the

growth of Drfp1Drfp2 cells in HU-containing medium

(Figure 3D). Because of the apparent sequence similarity in

the C-termini of RNF4, Rfp1, and Rfp2, we also tested the

activity of an RNF4 mutant missing the C-terminal four

residues (RNF4DCt) in the same assay. The RNF4DCt mutant

also acted as a loss-of-function mutant. Similar C-terminal

deletions in both Rfp1 and Rfp2 also abolished their function

(Figure 3D). Our observation is reminiscent of the studies on

Bre1 family proteins, each containing a C-terminal RING

domain with conserved sequence at the C-terminus (Hwang

et al, 2003). Moreover, addition of extra residues to the Bre1

C-terminus also abolished its function (Wood et al, 2003).

Thus, these conserved termini appear to be integral parts

of the C-terminally positioned RING-finger domains

(Supplementary Figure S3). Taken together, all three motifs

conserved between RNF4 and Rfp1/2 prove to be essential for

RNF4 to replace Rfp1 and Rfp2 functionally. We conclude that

mammalian RNF4 protein is a true orthologue of the fission

yeast Rfp1 and Rfp2.

RNF4 can replace both Rfp1/Rfp2, and Slx8

To determine if the RING fingers in Rfp and RNF4 have any

E3 ligase activity, we carried out both SUMO and ubiquitin

ligase assays. For the SUMO ligase assay, we used S. pombe

versions of E1 (the Rad31-Fub2 dimer), E2 (Hus5/Ubc9), and

Pmt3 (SUMO). In contrast to Pli1, a known SUMO E3 in S.

pombe, Rfp1, Rfp2, and RNF4 all failed to exhibit detectable

SUMO E3 ligase activity; neither was any SUMO ligase

activity detected with RNF4 in the SUMO ligase assay using

mammalian components (data not shown).

In the ubiquitin ligase assay, RNF4 showed robust E3

ligase activity comparable to the activity of Rhp18, a
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Figure 2 Rfp1 and Rfp2 are required for genome stability.
(A) Scores of a random spore analysis. The diploids were obtained
by crossing Drfp1 and Drfp2 strains of opposite mating type and
sporulated directly. (B) Tetrads from zygotic asci of the diploids as
described in (A). Genotypes: wt, wild type; 1, Drfp1; 2, Drfp2; 12,
Drfp1Drfp2; (12), Drfp1Drfp2 (inferred). (C) Tetrad analysis of a
diploid strain generated through crossing h�ade6- M216Drfp1Drfp2
with hþade6-M210Drfp2 followed by selection on adenine-deficient
medium. The diploid cells were sporulated to form azygotic asci for
dissection. (D) Morphology of cells lacking both the rfp1 and rfp2
genes. A panel with cell morphology observed by differential
interference contrast microscopy (DIC), and three panels of fields
of cells with DAPI-stained nuclei are shown as indicated.
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known ubiquitin E3 (Figure 4A). This is consistent with prior

studies on RNF4 by Palvimo and co-workers (Hakli et al,

2004). Moreover, whereas the C177S mutation in the RING

domain of RNF4 diminished its ubiquitin ligase activity, the

SIM in RNF4 was not essential for the activity in vitro

(Figure 4A). In contrast to RNF4, we failed to detect any

ubiquitin E3 activity with either full-length Rfp1 or Rfp2, or

their RING-finger-alone deletion derivatives (Figure 4A; the

minor higher molecular weight species associated with the

Rfp1 RING is likely the result of the conjugating activity of

E2). Therefore, although Rfp1 and Rfp2 can be replaced by

RNF4 in vivo, they do not possess the same biochemical

activity as RNF4 in vitro. This may be explained by the

unique structure of the RING domains of Rfp1 and Rfp2

that is not shared by genuine ubiquitin E3 ligases: first, the

spacing between the C-terminal two Cys is unusual, with four

residues instead of two. Second, the bulky hydrophobic

residue (mostly Ile) that usually precedes the second Cys in

other ubiquitin E3s is not conserved (Supplementary Figure

S3). The S. cerevisiae protein Hex3/Slx5, the budding yeast

orthologue of Rfp1/2, shows further sequence diversity with

extra residues between the second and third Cys, and be-

tween the fifth and sixth Cys, in its RING domain. Thus the

RING domain of Rfp1, Rfp2, or Hex3 alone may not be able to

couple a ubiquitin-conjugated E2 to substrate.

In S. cerevisiae, the Hex3/Slx5 protein associates with

another RING-finger protein, Slx8, both genetically and

physically (Uetz et al, 2000; Mullen et al, 2001; Wang et al,

2006; Yang et al, 2006). In S. pombe, an Slx8 homologue can be

identified (SPBC3D6.11c). Immunoprecipitation of Rfp2 was

able to bring down the fission yeast Slx8 when both proteins

were overexpressed in 293T cells (data not shown). In con-

trast to Rfp1 and Rfp2, we found that S. pombe Slx8 had

robust E3 ubiquitin ligase activity (Figure 4A). The stable

association of the budding yeast Hex3 and Slx8 is reminiscent

of two other heterodimeric ubiquitin E3 complexes, that of

BRCA1 and BARD1, and of RING1b and Bmi1, both of which

are formed through RING–RING dimeric interaction (Brzovic

et al, 2001; Xia et al, 2003; Buchwald et al, 2006; Li et al,

2006). We therefore examined whether the interaction be-

tween Rfp1/2 and Slx8 was specifically mediated by their

RING domains. We conducted pairwise yeast two-hybrid tests

with the RING domains of Rfp1 and Rfp2. Both Rfp1 and Rfp2

RINGs interacted with full-length Slx8 and the RING domain

of Slx8, but not with an Slx8 mutant (C243S) that presumably

disrupts its RING structure (Figure 4B, top panel). Moreover,

the Slx8 RING domain interacted specifically with both the

Rfp1 and Rfp2 RING domains, but not with their mutant

forms (Figure 4B, bottom panel), consistent with our obser-

vation that the same set of mutations also abolished the

function of Rfp1 and Rfp2 in vivo (Figure 3). Hence, the

physical interaction between Hex3 and Slx8 orthologues is

conserved between the two yeast species; this represents a

third example of an E3 ligase that functions as a RING–RING
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2) are shown. (B) Rescue of Drfp1Drfp2 by plasmid shuffle. A Drfp1Drfp2p[nmt:Rfp2 ura4þ ] strain was constructed by crossing Drfp1 with
Drfp2p[nmt:Rfp2], and transformed with a LEU2 plasmid containing Rfp1, Rfp2, RNF4, or empty vector. The growth assay was conducted on
various EMM media as indicated. (C) Activity of Rfp1 or Rfp2 mutants either missing the SIM or carrying a mutation in an essential RING finger
Cys in Drfp1Drfp2 cells. (D) Rescue of Drfp1Drfp2 cells by RNF4 requires the SIM, an intact RING finger and the hydrophobic C-terminus. (E)
The hydrophobic C-termini in Rfp1 and Rfp2 conserved in RNF4 family proteins are required to rescue Drfp1Drfp2 cells. ‘—’, blank vector.
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heterodimer. We hypothesize that a functional ubiquitin E3

ligase complex can be formed by heterodimeric association of

the active Slx8 and the inactive Rfp1 or Rfp2.

This hypothesis suggests that the mammalian RNF4 might

act as a functional fusion of Slx8 and Rfp1/Rfp2/Hex3

proteins, comprising both a SIM (as in Rfp1/Rfp2/Hex3)

and an E3-active RING finger (as in Slx8). We first attempted

to verify this prediction by testing whether RNF4 could also

replace Slx8 in yeast. We deleted the slx8 gene in S. pombe

and observed a phenotype similar to that of Drfp1Drfp2

cells, for example, elongated cell bodies, defects in chromo-

somal segregation, and significantly reduced viability

(Supplementary Figure S5 and data not shown). We then

assayed for the rescue of the Dslx8 growth defect by trans-

forming Slx8 or RNF4 cDNAs into Dslx8 cells. As expected,

Slx8 rescued the Dslx8 growth defect, and RNF4 also almost

completely suppressed the Dslx8 phenotype (Figure 4C).

Significantly, the RNF4 mutant lacking the SIM was as

effective as the wild type in rescuing Dslx8 growth and

reducing sensitivity to HU (Figure 4B). In contrast, the

RNF4C177S and the RNF4DCt mutants were inactive in

Dslx8 cells just as in Drfp1Drfp2 cells (Figures 3D and 4B).

Therefore, in the presence of endogenous Rfp1/2, an intact

RING finger is essential for RNF4 to compensate for the loss

of Slx8, whereas SUMO interaction is not, possibly because

the RING domain of RNF4 can interact with Rfp1/2, which

then provide SIM function. Our results are consistent with the

recent findings by Brill and co-workers, showing that the
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Eukaryotic RNF4 proteins link SUMO and ubiquitin
H Sun et al

&2007 European Molecular Biology Organization The EMBO Journal VOL 26 | NO 18 | 2007 4107



RING domain alone was sufficient for Slx8’s physiological

function in S. cerevisiae in the presence of Hex3 (Yang et al,

2006).

We next tested whether RNF4 could compensate for the

simultaneous loss of both Rfp1 and Rfp2 and Slx8, by

comparing the growth of Drfp1Drfp2, Dslx8, and

Drfp1Drfp2Dslx8, all carrying RNF4 cDNA (pSLF173-RNF4

or p[RNF4]), in parallel (Figure 4D). We found that all three

strains grew equally well on YES medium, although

Drfp1Drfp2p[RNF4] appeared to be slightly more sensitive

in the presence of HU. In contrast, the triple mutant failed to

propagate in the absence of RNF4 expression. Therefore, the

Rfp1/2 pair and Slx8, both individually and together, can be

functionally replaced by RNF4. These data strongly support

the hypothesis that RNF4 is a functional chimera between

Slx8 and Rfps.

SUMO-directed ubiquitylation by RNF4 family proteins

The molecular structure and biochemical activity of RNF4

and its complementing activity in S. pombe revealed an

intriguing link between SUMOylation and ubiquitylation.

Given that a major role of ubiquitylation is to mark proteins

for degradation, we speculated whether the RNF4 family

proteins function to destabilize at least a subset of

SUMOylated proteins in the cell through ubiquitylation. We

therefore examined the level of SUMOylated proteins in both

wild type and Drfp1Drfp2 mutant cells, using an anti-Pmt3

antiserum to probe for SUMOylated proteins. Cells lacking

both rfp1þ and rfp2þ contained a significantly higher level

of SUMOylated proteins than wild type or the single Drfp1 or

Drfp2 mutants (Figure 5A). A similar accumulation of

SUMOylated proteins was detected in Dslx8 cells (data not

shown). SUMOylated proteins have also been found to

accumulate in the Dhex3 or Dslx8 background in S. cerevisiae

(Wang et al, 2006). Therefore, the conserved function of the

RNF4 family proteins may be to target SUMOylated proteins

for ubiquitin-mediated degradation.

Prompted by the accumulation of SUMOylated proteins in

Drfp1Drfp2 mutant cells and the unique presence of the SIM

in RNF4 family members, we tested the hypothesis that RNF4

family ubiquitin ligase activity might be directed towards

SUMOylated proteins. For this purpose, we carried out in

vitro ubiquitin ligase assays using different SUMO–GST

fusion proteins as artificial substrates to mimic a SUMOylated

protein; an epitope tag (Flag) was included at the N terminus

of SUMO in the fusion proteins to enable the detection of

specific ubiquitin-conjugated species. We detected significant

ubiquitylation of both GST-SUMO and SUMO–GST by RNF4

for both the SUMO1 and SUMO2 fusion proteins (Figure 5B

and C, lanes 2 and 8). Based on size, the majority of the
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Figure 5 SUMO-directed ubiquitylation by RNF4 family proteins. (A) Immunoblotting detection of Pmt3 and Pmt3-conjugated proteins in vivo
in various strains as indicated. (B) Ubiquitylation of GST-SUMO1 (lanes 1–6) or SUMO1–GST (lanes 7–12) by wild-type or SIM-deficient RNF4.
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modification appears to be mono-ubiquitylation (marked by

*), although multi-ubiquitylation is apparent with SUMO1–

GST as substrate (Figure 5B, lane 8). The amount of ubiqui-

tylated SUMO-tagged GST was significantly reduced when

RNF4DSIM was used (Figure 5B and C, lanes 3 and 9),

although the nonspecific E3 ligase activity of RNF4 and

RNF4DSIM was indistinguishable (Figure 4A). The fact that

SUMO fused either to the N-terminus or the C-terminus of

GST was ubiquitylated by RNF4 is consistent with the idea

that RNF4 would be able to recognize conjugated SUMO

independent of its linkage position in a target SUMOylated

protein. We conclude that the SIM in RNF4 is therefore

critical for promoting specific ubiquitin ligase activity to-

wards a SUMO-tagged protein in vitro.

As a control experiment, we generated mutant forms of

SUMO in all the SUMO-fusion substrates. A conserved b-

strand on SUMO is key to mediating its interaction with the

SIM (see Introduction), with its residues being involved in

van der Waal’s contacts with the hydrophobic residues in SIM

(Song et al, 2004, 2005; Hecker et al, 2006). On this b-strand,

we generated combined alanine substitutions of three resi-

dues corresponding to H35, F36, and V38 in SUMO1 (labeled

HFV; Figure 5B, lanes 4–6 and 10–12), and Q31, F32, and I34

in SUMO2 (labeled QFI; Figure 5C, lanes 4–6 and 10–12).

These SUMO mutants formed SUMO conjugates comparably

to wild-type SUMO in an in vitro SUMOylation assay (data

not shown). We then tested the mutant forms of both GST-

SUMO and SUMO–GSTas ubiquitylation substrates for RNF4.

In contrast to their wild-type counterparts, ubiquitylation of

the mutated SUMO2 fusion proteins by RNF4 was abolished

(Figure 5C, lanes 5 and 11), and was significantly reduced

to exclusive mono-ubiquitylation on SUMO1 mutants

(Figure 5B, lanes 5 and 11); in fact, these SUMO1 mutants

were only mono-ubiquitylated to a similar level by either

RNF4 or RNF4DSIM (Figure 5B). These results demonstrate

that the physical contacts between SIM and SUMO are critical

for RNF4 to act as a SUMO-targeted ubiquitin ligase.

We next tested whether the Rfp–Slx8 complex recapitulates

the SIM-dependent ubiquitin ligase activity of RNF4. For this

purpose, the fission yeast SUMO, Pmt3, was used in the form

of Pmt3-GST in the ubiquitin ligase assay (Figure 5D).

Consistent with the results in the nonspecific ligase assay

(Figure 4A), Rfp1 or Rfp2 was not capable of ubiquitylating

the Pmt3-tagged substrate; Slx8 alone, while a potent ligase,

could only mono-ubiquitylate Pmt3-GST to a limited degree

(Figure 5D, lanes 1 and 2). On the contrary, Slx8 together

with either Rfp1 or Rfp2 showed greater Pmt3-specific E3

ligase activity (Figure 5D, lanes 3 and 5), generating multi-

ubiquitylated forms. This observation clearly demonstrates

that Rfp1 or Rfp2 is capable of targeting Slx8 to SUMOylated

proteins, presumably through the physical interaction be-

tween Rfp and Slx8. When either Rfp was replaced by its

RING-alone mutant form, Pmt3-specific ubiquitylation was

lost, indicating the essential role of the Rfp SIM for targeting

the Rfp–Slx8 complex to Pmt3-GST (Figure 5D, lanes 4 and

6). This role was further clarified with a chimeric protein in

which the SIM of Rfp2 was fused with Slx8. This SIM-tagged

Slx8 alone ubiquitylated Pmt3-GST to the same level as an

Rfp–Slx8 complex did (Figure 5D, lane 7). As was the case

with the mammalian versions, the combined mutations in

Pmt3 disrupting its interaction with SIM (labeled FFI) also

abolished all the SIM-mediated specific ubiquitylation

(Figure 5D, lanes 8–12). We conclude that Slx8 can be

targeted to SUMO-tagged substrates by the SIM in Rfp1 or

Rfp2. Our studies demonstrate that RNF4 mimics the activity

of the heterodimeric Slx8-Rfp1 or Slx8–Rfp2 complex both in

vivo and in vitro (Figure 5E).

Discussion

We have characterized a family of SUMO-interacting RING-

finger proteins, which in principle have the ability to direct

the ubiquitylation machinery to SUMOylated proteins, there-

by forming an intriguing link between the two post-transla-

tional modification pathways. Many ubiquitin E3 ligases exist

with targeting motifs that recognize post-translational mod-

ifications (Seet et al, 2006), for example, the SH2 domain in c-

Cbl for phosphorylated tyrosine (Joazeiro et al, 1999), and

the Fbx2 subunit in an SCF complex for N-linked glycosyla-

tion (Yoshida et al, 2002). The RNF4-like proteins thus

represent a novel class of ubiquitin E3 ligases specifically

recognizing SUMOylation.

RNF4 associates with a number of transcription factors

(Moilanen et al, 1998; Kaiser et al, 2003; Wu et al, 2004).

However, the nature of RNF4’s activity as a transcriptional

co-regulator was not clear. RNF4 was found to be a potential

DNA-binding protein (Hakli et al, 2001). The DNA-binding

activity of the budding yeast Hex3/Slx5–Slx8 complex lies in

the non-RING region of Slx8 and is not essential for Slx8’s

function in vivo (Yang et al, 2006). Thus, DNA binding may

not be a conserved function of these proteins. On the other

hand, the SIM-mediated interaction with SUMO apparently

controls the cellular localization of RNF4, such as its associa-

tion with the PML nuclear bodies (Hakli et al, 2005). We have

also noticed that the Rfp2DSIM mutant showed a different

pattern of nuclear localization than wild-type Rfp2 (Sun

and Hunter, unpublished observations). We suggest that

RNF4 exerts transcriptional regulatory activity through di-

rectly interacting with SUMOylated transcription factors.

Consistently, its SIM coincides with the identified androgen

receptor-interaction region (Moilanen et al, 1998).

Hex3/Slx5 and Slx8 are linked to the SUMOylation path-

way both biochemically and genetically (Hazbun et al, 2003;

Hannich et al, 2005; Wang et al, 2006; Burgess et al, 2007).

Hex3/Slx5 was found to interact with SUMO in yeast two-

hybrid screens (Uetz et al, 2000; Hannich et al, 2005). Loss-

of-function mutations in Hex3/Slx5 and Slx8 are able to

suppress the temperature-sensitive mutation of mot1

(mot1–301), which encodes an inhibitor of TATA-binding

protein in S. cerevisiae (Wang et al, 2006). Significantly, this

unbiased approach identified almost exclusively components

of SUMOylation pathway, including both subunits of E1, E2,

and two SUMO proteases, together with Hex3 and Slx8. The

same report, as well as our studies and those of Kosoy et al

(2007) in S. pombe, shows the accumulation of SUMOylated

species in cells lacking these RING-finger proteins. In

Dictyostelium, DdMIP1, the RNF4 homologue, was found to

interact with MEK1 through its SIM in yeast two-hybrid

assays. Interestingly, DdMIP1 can promote the ubiquitylation

of activated MEK1 in a RING-finger-dependent manner,

and the loss of DdMIP1 resulted in accumulation of

SUMOylated MEK1 during cAMP-induced chemotaxis

(Sobko et al, 2002). Therefore, a conserved function of the

RNF4 family proteins could be to destabilize SUMOylated
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transcription factors and activated protein kinases via

RING-finger-mediated ubiquitylation.

Although there are other explanations, the accumulation of

SUMOylated proteins in Drfp1Drfp2 and Dslx8 mutant cells is

consistent with these proteins normally being targeted for

degradation following SUMO-dependent ubiquitylation. In

addition, we cannot rule out other possible fates for the

SUMOylated proteins that are ubiquitylated by RNF4 family

proteins. In our in vitro assays with artificial substrates, RNF4

catalyzed predominantly mono-ubiquitylation, and mono-

ubiquitylation of target proteins could play a distinct role,

perhaps in subcellular localization through interaction with

mono-ubiquitin-binding proteins. In addition, our current

observations are not yet able to differentiate between degra-

dation and de-SUMOylation (Figure 5A). SUMOylation and

de-SUMOylation are known to be critical in regulating the

partitioning of proteins between nucleus and cytoplasm (Gill,

2004; Johnson, 2004), and in Dictyostelium MEK1 is subject

to both DdMIP1-mediated ubiquitylation and SUMOylation-

regulated nuclear export (Sobko et al, 2002). Nevertheless,

current findings suggest RNF4 family proteins participate in

processes that dramatically change the cellular activity of

their targets.

What other in vivo targets might there be for RNF4 family

proteins? RNF4 family proteins are crucial for maintaining

eukaryotic genome integrity in both budding and fission yeast

(Zhang et al, 2006; Burgess et al, 2007; Kosoy et al, 2007).

RNF4 is expressed in proliferating tissues and tumors, in-

dicating an important role in cell-cycle regulation (Galili et al,

2000; Cavallo et al, 2005). Rfp1 and Rfp2 are essential for cell

proliferation in fission yeast and their mutation resulted in a

plethora of phenotypes due to loss of genome integrity. In S.

cerevisiae, Hex3/Slx5 and Slx8 are essential for DNA damage

repair during cell-cycle progression; they interact genetically

with Sgs1, a RecQ family DNA helicase; Dslx5 and Dslx8 are

both synthetically lethal with Dsgs1 (Mullen et al, 2001;

Zhang et al, 2006). They also genetically interact with the

telomerase gene (tlc1); Dslx5 and Dslx8 enhance the senes-

cence phenotypes of the tlc mutant (Azam et al, 2006). Both

Sgs1 and one of its mammalian orthologues, the Bloom’s

syndrome protein (BLM), are SUMOylated (Eladad et al,

2005; Branzei et al, 2006). In mammalian cells,

SUMOylation of BLM changes its nuclear localization and

may be essential for its role in DNA repair. In budding yeast,

Sgs1 may function together with Ubc9, the SUMO pathway

E2, and Mms21/Nse2, an Smc5/6 complex-associated SUMO

E3 ligase, to prevent formation of the toxic DNA recombina-

tion intermediates resulting from stalled replication forks

(Branzei et al, 2006). Interestingly, Hex3 was found to

associate with components of the Smc5/6 complex in S.

cerevisiae (Hazbun et al, 2003). In addition, Rad60,

which associates with Smc5/6 has two functional C-terminal

SUMO-like domains (Boddy et al, 2003; Raffa et al, 2006),

was identified in our yeast two-hybrid screens for Rfp1/2-

binding proteins (Supplementary Figure S2), and Boddy and

co-workers have shown that Rad60 can be ubiquitylated

by Rfp/Slx8 complexes in vitro, suggesting that Rad60

may be a physiological target (Prudden et al, 2007).

Therefore, we suggest that SUMOylated subpopulations of

Sgs1 and other DNA repair proteins are likely targets for

RNF4/Rfp/Hex3-mediated ubiquitylation in vivo. Degrada-

tion of SUMOylated forms of these proteins may be necessary

to balance their activity and to prevent excessive processing

of certain DNA structures generated by the DNA repair

machinery.

In summary, we suggest that SUMOylation-dependent

ubiquitylation is a new regulatory principle that is likely to

play an important role in cellular processes that are mediated

by SUMOylation. We do not know how SUMOylated proteins

are recognized by RNF4 family proteins for ubiquitylation,

but we suspect that only certain SUMOylated proteins are

targeted, and that this will represent only a subpopulation of

each target. Target SUMOylated proteins could be selected

because the conjugated SUMO lies in a particular sequence

context, because a branched SUMO chain is needed, or because

multiple SUMO adducts on a single protein molecule are

required (this could explain why all RNF4 family members

have a tandem SIM motif). Our studies also establish another

type of post-translational modification that can be used to

target proteins for ubiquitylation in a regulated fashion.

Nevertheless, whereas protein degradation is obviously a can-

didate means of regulating the metabolism of SUMOylated

proteins, we do not rule out other possible mechanisms, such

as the regulation of SUMOylation pathway per se (i.e., con-

jugation or de-SUMOylation). As indicated in the studies by

Wang et al (2006), RNF4 family proteins may be integral

members of the SUMOylation machinery that act to balance

the overall SUMOylation activity in eukaryotic cells.

Materials and methods

cDNAs and expression vectors
Mouse RNF4 cDNA was amplified from mouse testis total RNA with
RT–PCR. The cDNAs of Rfp1, Rfp2, Slx8, Rhp18, and Pli1 were
directly PCR-amplified from S. pombe genomic DNA; 50 introns in
Rfp2 and Pli1 genes were removed with a second PCR. Ubiquitin E1
and E2 (Ubc4) have been described previously (Joazeiro et al, 1999;
Leverson et al, 2000; Xia et al, 2003). Bacterial expression plasmids
for fission yeast for SUMO E1 subunits (Rad31 and Fub2), E2
(Hus5), and Pmt3 were gifts from Felicity Watts (Ho et al, 2001).
Mammalian cDNAs for SUMO E1 (Sae1 and Sae2), E2 (Ubc9),
SUMO1, and SUMO2 were gifts from Ronald Hay (Desterro et al,
1999; Tatham et al, 2001). For gene expression in S. pombe, all ORFs
were inserted into the nmt1 vector pSLF173 designed to express
proteins with an N-terminal HA tag, except for the GFP-fusion
constructs, in which the EGFP (Clontech) coding sequence was
fused in-frame to 50 of the ORFs of Rfp1 and Rfp2 in the nmt41
vector pSLF273. Both vectors were provided by Susan Forsburg
(Siam et al, 2004). For gene expression in E. coli, the ORFs of RNF4,
Rfp1, Rfp2, and Slx8 were inserted in-frame in the GST-fusion vector
pGEX4T-1 (Pharmacia); the Rhp18 and Pli ORFs were inserted in
His tag vector pHis8. PCR or PCR-based site-directed mutagenesis
(QuikChange, Stratagene) was used to generate the following
mutations used in this study: RNF4DSIM (deleting residues 50–66);
RNF4C177S, RNF4DCt (deleting C-terminal 4 residues); Rfp1DSIM
(deleting residues 14–38); Rfp1C234A, Rfp1DCt (deleting C-term-
inal 3 residues); Rfp1RING (RING1, deleting Rfp1 N-terminal 173
residues); Rfp2DSIM (deleting residues 19–42); Rfp2C186A,
Rfp2DCt (deleting C-terminal 4 residues); Rfp2RING (RING2,
deleting Rfp2 N-terminal 133 residues); Slx8RING (deleting Slx8
N-terminal 196 residues); and Slx8C243S. Rfp2 residues 1–48 were
fused to the N-terminus of Slx8 to form the SIM-tagged Slx8 (SIM-
Slx8). To generate the bacterial expression plasmids for GST-fusions
of SUMO1, SUMO2, and Pmt3, the coding sequences of Flag tag and
SUMO (ending with GlyGly) were PCR fused, and either inserted in
pGEX4T-1 with a stop codon (for GST-SUMO1/SUMO2), or ligated
to the 50 end of GST ORF and inserted in pHis8 (for SUMO1/
SUMO2/Pmt3-GST; the extra His tag from pHis8 thus contributing
to the higher molecular weight is shown in Figure 5B and C).
Purification of GST- and His-tagged proteins was carried out as
described previously (Leverson et al, 2000; Xia et al, 2003).
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Fission yeast strains and methods
The genetic and biochemical manipulation of S. pombe was
conducted as described by Moreno et al (1991) and by Forsburg
and Rhind (2006). Targeted disruption of rfp1þ , rfp2þ , and slx8þ

genes in S. pombe was carried out according to Wang et al (2004).
All strains used in this study are ade6-M210/M216 his3-D1 leu1–32
ura4-D18. Specific strains are: HSY6, Drfp1Hhis3þ ; HSY53,
Drfp2Hleu1þ ; HSY213 and HSY215, Drfp1Hhis3þDrfp2Hleu1þ (1
and 2, respectively); HSY337 Dslx8Hleu1þ ; HSY443, Drfp1Hhis3þ

Drfp2HkanMX pSLF173-Rfp2; HSY475, Drfp1Hhis3þDrfp2HkanMX
Dslx8Hleu1þpSLF173-mRNF4; HSY481, Drfp1Hhis3þDrfp2H-
kanMX Dslx8Hleu1þ . Diploid and other episomal plasmid-trans-
formed strains are as described in the Results. All rescue assays
were carried out in YES, presumably containing thiamine, such that
the nmt1 promoter is kept at minimal activity; expression of the
proteins was verified with anti-HA immunoblots. For biochemical
analysis, all S. pombe strains were freshly recovered from frozen
stock, amplified in YES medium to late log phase. The S. pombe
cells were then collected with centrifugation and washed once with
water and frozen by liquid nitrogen. To make S. pombe cell lysates,
frozen cells were thawed, resuspended in 250ml of breaking buffer
(2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris–HCl (pH 8.0),
and 1 mM EDTA, pH 8.0), and cell suspension was mixed with
B250 ml of acid-washed glass beads (Sigma, 425–600 mm) on a
vortex for 5 min at 41C. Cell lysate was cleared by centrifugation and
analyzed in immunoblotting. Goat anti-Pmt3 antiserum, a gift
from Felicity Watts (Ho et al, 2001), was used for detection of
endogenous Pmt3 and its conjugates in S. pombe. GST-pull-down
experiments were performed as described previously (Joazeiro et al,
1999; Leverson et al, 2000).

Two-hybrid assay
The yeast two-hybrid tests were performed essentially as described
before (Leverson et al, 2002). Budding yeast two-hybrid strain
AH109 harboring the HIS3, ADE2, and lacZ reporters downstream of
heterologous GAL4-responsive promoter elements was transformed
with Gal4 DNA-binding domain (DBD) fusion and activation
domain (AD) fusion plasmids as indicated (Matchmaker, Clontech,
Palo Alto, CA). The transformed cells were grown on
Trp�Leu�His�Ade� plates for 3 days to assay for interaction. All

constructs used were tested to be negative in self-activation by co-
transformation with blank vectors.

Protein conjugation assay
The in vitro ubiquitin ligase assay has been described before
(Joazeiro et al, 1999; Leverson et al, 2000; Xia et al, 2003). For
nonspecific ubiquitin ligase assays, a bacterially expressed, Flag-
tagged ubiquitin was used for detection of ubiquitin conjugates. For
assays with SUMO-based substrates, free ubiquitin (Sigma) was
used. All purified proteins were dialyzed and frozen in the buffer
containing 50 mM Tris–HCl, pH 7.5–8.0, 400 mM NaCl, 1 mM DTT,
and 10% glycerol. The ubiquitin ligase assay was carried out by
incubating 1 mg ubiquitin, B2mg His-E1, B2mg His-Ubc4, and 1 mg
SUMO–GST substrate (when appropriate) in 25 ml of reaction buffer
(50 mM Tris–HCl, pH 7.5, 5 mM MgCl2, 1 mM DTT, and 5 mM ATP)
for 1 h at 301C. The reaction was terminated by addition of SDS–
PAGE sample buffer and was analyzed by anti-Flag (M2, Sigma)
immunoblotting. The SUMO ligase assay was performed using
SUMO E1/E2/E3 essentially in the same reaction buffer and
conditions as the ubiquitin assay.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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